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Chapter 1 INTRODUCTION 
1.1 Research Objective 
The objective of this project is to design, fabricate, and test a MEMS (Micro-
ElectroMechanical System) based, passive pressure sensor as a proof of concept targeted at 
biomedical applications. 
1.2 MEMS background 
Micro-ElectroMechanical Systems is an inter-disciplinary technology field that has seen 
considerable growth over the years. It utilizes conventional semiconductor fabrication process 
flow as well as novel micro-fabrication techniques to create highly integrated Electro-Mechanical 
systems such as sensors, actuators, switches, pumps and other devices with a wide range of 
industrial applications. By providing the capability of creating System-On-A-Chip, MEMS 
technology offers the prospect of highly sophisticated and integrated systems that are very low 
cost. Examples of commercialized MEMS devices include automotive airbag sensors 
(accelerometers), as well as Digital Light Projection (DLP ®) technology by Texas Instruments, 
among other applications. 
1.3 MEMS pressure sensors 
MEMS pressure sensors are devices that can detect physical pressure change and convert the 
information into an electrical signal. This signal then can be processed by the appropriate control 
system, most of which involve a digital computer, and an appropriate readout or response will be 
issued. At the present time, there are three commonly used sensing mechanisms: Piezoelectric 
sensing, piezoresistive sensing, and capacitive sensing. 
Piezoelectric sensing utilizes the piezoelectric properties of certain materials to sense pressure 
change. In certain crystal materials (almost all of which have anon-symmetrical lattice structure), 
when subjected under pressure, the molecular lattice structure of the material changes slightly. The 
lattice structure, which is essentially the molecular distance in a compound material, is governed by 
the atoms and shared electrons in that compound; when there is no external force, the lattice is 
electrically neutral. However, when the lattice is disturbed by external force, the lattice, and 
macroscopically, the material, is no longer neutral electrically. Apressure-dependent electric field 
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exists, and the electric field results in a measurable voltage difference across two points on the 
sample [1]. 
Piezoresistivity differs from piezoelectricity in that pressure change does not create an electric 
field in piezoresistive materials; it only changes the electrical resistivity of that material. 
Piezoresistivity of Semiconductor materials Silicon and Germanium was first discovered in 1954 
[2]; current y, many stress pressure sensors an actuators utilize this technology. 
Capacitive sensing is implemented with capacitive elements that will change their electrical 
capacitance under pressure. Out of the three technologies, it is probably the oldest technology. 
1.4 Organization of this thesis 
Chapter 2 of the thesis covers the design requirements, sensor structure synthesis, and sensor 
modeling. In this chapter, the most suitable sensing mechanism will be chosen based on the design 
requirements, and the structure of the sensor will be determined. It will be shown that the 
capacitive pressure sensing is the most suitable sensing mechanism and will be implemented in the 
sensor design. Additionally, modeling of the sensor will be performed to predict the response of the 
sensor with respect to pressure by presenting algorithms to calculate the capacitance of the sensor 
and its dependence on pressure. In chapter 3, detailed fabrication steps will be presented. Testing 
results will be presented in chapter 4 of the thesis, and the thesis concludes in chapter 5. 
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Chapter 2 REQUIREMENTS, SYNTHESIS AND MODELING 
2.1 Introduction 
In this chapter, design requirements of the sensor are given. Sensor structures that were under 
consideration will be discussed, and one sensor structure will be chosen. The majority of the 
chapter will discuss mechanical and electromagnetic modeling of the sensor structure; a Method of 
Moment algorithm to calculate the capacitance of a deformed pressure sensor will also be 
presented in this chapter; it enables the designer to model the sensor structure, and optimize the 
design with available degrees of freedom. 
2.2 Design requirements 
The theory and technology of MEMS pressure sensors is no longer new. Ever since the 
emergence of MEMS as a technical field, sensing and actuation have been two of the most pursued 
applications for MEMS . To continue on previous investigative works yet differentiate this research 
from them, and to satisfy certain needs of the intended applications, certain design requirements 
were imposed onto the project. These requirements will be discussed in the following sections. 
Fully passive sensor 
The most important requirement of this project is that the sensor must be fully passive. Most 
of the MEMS sensor structures have active (powered) signal processing circuitry accompanying 
them; this requires either a battery to provide DC power, or an inductive coupling link and AC-
rectifying element, such as a diode, in the circuit [3 ] . This limits the length of the device's life or 
its portability; a fully passive sensor will remove the constraints caused by lack of power or limited 
battery life. During the literature review period, little information was obtained on the design, 
characterization or theories of passive sensor structures. This fact, in contrast to the amount of 
information obtained on sensors with active signal processing and transmission circuitries, also 
indicates that the approach of passive pressure sensing may have received less attention in the 
scientific community. Thus, investigations in this area may reveal more information than what was 
previously known. 
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Miniaturization 
Another design requirement is the size of the device. Qualitatively speaking, the size of the 
sensor has an upper and a lower bound. For the targeted application, the size of the device should 
be less than 1 mm2. If the sensor is too large, the physical dimension will make it unsuitable to use 
in the intended application. This is not too stringent of a requirement, since conventional 
Complimentary Metal Oxide Semiconductor (CMOS) fabrication processes create devices much 
smaller than lmm2, and MEMS processes are largely similar to CMOS processes. On the other 
hand, however, if the sensor is too small, external detection instruments may not be sensitive 
enough to accurately measure the capacitance change. The most suitable dimensions will be 
quantitatively analyzed and presented in chapter 3. 
Possibility of wireless remote sensing 
The third requirement is the ability to perform wireless detection on the sensor. Although 
contact sensing during proof of concept phase of the project is acceptable, the ultimate goal is to 
achieve remote sensing. The sensing mechanism, sensor structure, and other related properties of 
the sensor must be able to convert to wireless sensing with relative ease. As a proof of concept, the 
sensing mechanism should be the same in either contact or wireless mode. The design change 
between contact and wireless mode should be minimal. 
2.3 Sensor structure synthesis 
Early literature review provided several possible structures for the intended application. 
Guckel et.al. reported piezoresistive transducers with good miniaturization and sensitivity[4]; 
Dudaicevs et.al. reported a bio-compatible wireless sensor involving inductive coupling and signal 
processing circuitry[5]. In the literature review process two things became increasingly obvious; 
first, while many attempts and limited successes have been achieved with wireless sensing 
involving active circuitry, as reported in the reviewed literatures, passive wireless sensing is still a 
relative virgin research direction. Moreover, a capacitive sensing mechanism is more suitable than 
either a piezoresistive or piezoelectric pressure sensing mechanism in the passive wireless mode, 
because wireless monitoring capacitance wirelessly is much easier than monitoring the 
piezoresistivity (resistance) or the piezoelectricity (DC voltage). 
The literature review resulted in three possibly feasible methods for capacitance sensing. 
Traditional methods send an electrical excitation to the capacitance and detect the change of 
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electrical impedance [6] . In the case of a resonant structure, the change of resonant frequency is a 
good measure of capacitance change. An interesting novel method, which incorporates a Bulk 
Acoustic Wave (BAW) Resonator, senses the change of total radiated power as a function of 
capacitance [7] . The impedance sensing structure in the reference article utilizes a lossy R-C 
network, which lowers the Quality Factor, making wireless detection more difficult. The wireless 
detection of the BAW resonator is proven in [7]; however, the authors noted that total radiated 
power could not be completely picked up by the antenna, thus introducing measurement errors. 
Furthermore, the BAW resonator acts as a quadrapole antenna, whose electric field decreases as a 
function of distance to the 4~ power. This fact, coupled with the rapid radiation intensity decrease 
in the Fresnel near field region (the most likely location of a detector antenna in a wireless 
measurement) means any slight variations in the detector antenna's distance will greatly affect the 
accuracy of the measurement. As a better alternative, detection of resonant frequency change was 
chosen as the preferred detection method. Consequently, an L-C resonant structure was chosen as 
the sensor structure, as shown in figure 2.1. 
~•••~ •'1 
Y. 
Figure 2.1 The proposed sensor structure 
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2.4 Sensor modeling 
In the following section, modeling of the sensor structure is presented. Two different topics 
are discussed separately; the first one is modeling of the deformable diaphragm, the second one is 
modeling of the on-die inductor. The sensor diaphragm, in essence, is a variable capacitor whose 
capacitance changes with respect to the pressure applied. Change of capacitance occurs when the 
z-direction distance between the capacitor and ground plane changes. To understand how the 
capacitance changes, it is important to first understand how the sensor deforms under pressure. 
Assumptions 
As mentioned in chapter 1, one of the assumptions taken in this project is that the pressure 
applied to the sensor diaphragm will be uniformly distributed over its entire surface. This 
assumption is valid for almost all of the possible practical applications, since for such a small area 
of a miniaturized sensor, having a localized or uneven pressure profile over the surface of the 
sensor diaphragm is a very rare occurrence. Also, aQuasi-Electrostatic condition will be assumed 
in the analysis; for MEMS diaphragms, this assumption holds well into frequencies on the order of 
hundreds of Gigahertz. Also, electrical ground is assumed to be at the z = 0 plane, which is the 
height reference. 
In engineering mechanics, diaphragms are fictional, weightless, zero-thickness devices; real-
world diaphragms are referred to as plates, which have finite thickness and weight, with certain 
mechanical properties. To follow conventions, in the mechanical analyses that follow, the sensor 
diaphragms will be referred to as plates during the mechanical analysis portion of the chapter. 
2.4.1 Diaphragm modeling 
In order to establish the mathematical relationship between the change in the sensor's electrical 
response and the applied pressure, athree-step solution is necessary. First, the dependency of 
physical deformation with respect to applied pressure needs to be established. Then, the 
capacitance change with respect to the deformation needs to be obtained. Finally, the change in 
resonant frequency of the L-C structure can be computed, thus establishing the pressure-resonance 
relationship. 
Mechanical deformation 
Uniform pressure loading of a plate diaphragm is a special case of axial-symmetrically loaded 
plates. From Newton's first law, an object that keeps its current state of motion is either under no 
external forces, or all the external forces reach equilibrium. Under uniform pressure loading 
P=Po, the differential equation for surface deformation of an axial-symmetrically deformed plate is 
given by [8 p.31 ] 
~4w_ dz  + 1 d dew + 1 dw P 
~dr2 r dr~~ drZ r dr y D 
(2.1) 
Where w and r are the plates deformed distance and plate radius, respectively. Pis the value of 
applied pressure, and D is defined as the Flexural Rigidity of a material, which has the following 
mathematical expression: 
Eta 
D 12(1—VZ) 
(2.2) 
In this expression, E is the Young's Modulus (Modulus of Elasticity), V is the Poisson's ratio, 
and t is the thickness of the plate. The general solution of the equilibrium equation is [8 p.8] 
4 
w(Po, r) = c, ln(r) + cZ rz ln(r) + c3r Z + c4 + P° r
64D 
(2.3) 
In our case, the edge of the plate is fixed, which results in the following boundary condition[8 
p.31]. 
dw 
w=0, = 0 
d~ 
Applying the boundary condition to equation (3.3), results in [ 10], 
— — — Poa 2 — Poa4 C1 - 0 , C2 - 0 , C3 - - C4 -
32D 64D 
(2.4) 
(2.5) 
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And consequently [8 p.32], 
I' o 2 2 2 wCPo~~') = Ca —~' ) 
64D 
(2.6) 
Equation 2.6 describes the vertical deformation distance of any point on the sensor diaphragm. 
The vertical deformation, an intermediate result, is needed in the solution of the diaphragm's 
capacitance; thus, equation 2.6 was implemented in Matlab® to calculate the deformed distance of 
any point on the plate. The result from one sample solution is illustrated graphically in figure 2.2 
and 2.3 . 
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Figure 2.3 Side view of the deformed diaphragm 
0 0.5 1 
The axial-symmetric property of the deformation can be seen clearly in the side view; that is, 
under constant pressure, the z-direction deformation of any two points P1, P2 are the same if the 
distances pl, p2 between the center of the diaphragm and the two respective points are the same. 
Capacitance calculation using Method of Moment 
The theory of Method of Moment for this quasi-electrostatic problem is simple compared to 
many other electromagnetism problems. Under quasi-electrostatic assumptions, the surface of the 
deformed diaphragm is meshed into N elements. This process is commonly referred to as Meshing, 
since visually the shared boundaries of the elements create amesh-like figure on the surface of the 
object. A known voltage is assumed to be on the sensor plate. The electrical charge density 6S on 
the sensor's electrode, an equi-potential surface, is then solved [9] . The charge density in turn 
yields the total electrical charge on the electrode, and capacitance can be found with the simple 
relationship, 
10 
_  totalC — 
V 
(2.7) 
The magnitude of the charge density on each element is unknown; however, due to axial 
symmetry, the charge density 6 S is the same for common-radial elements. Thus, for a given 
potential, 6 s is only a function of p. 
Define elements (Meshing) 
In this case the plate is divided in to sections of annuli, each of them taking similar shapes as 
in figure 2.4. All of the elements except the center-most ones take the shape shown in figure 2.4; 
the center-most elements take the shape as shown in figure 2.5. 
Figure 2.4 One non-central element 
Figure 2.5 One central element 
In the actual device, the deformation in the z-direction is a continuous function of p, the radius. 
However, if the step size in p direction is small enough, the element can be approximated as having 
constant z values, as illustrated in figure 2.6. 
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Actual Deformation Approximation 
Figure 2.6 Approximation of deformation 
This definition of element, compared to typical element definitions such as triangular or 
irregular 4-sided elements, has some advantages and drawbacks. It is more advantageous for two 
reasons: first, the element definition completely covers all of the area of the sensor, unlike other 
definitions, which may have uncovered areas or have to modify the design's shapes to mesh; 
second, the formulations used to analyze each element, device will be the same, only the dimension 
information (location, incremental radial length, etc.) The drawback is that due to the shape and 
cylindrical coordinates, the formulation and analysis will be significantly more complex compared 
to that of a triangular mesh and more difficult to solve. 
Because the diaphragm is a conductive surface, the electrical potential on any random point on 
the diaphragm is the same. Assuming the potential on the diaphragm is known, since the distance 
to ground plane is not equal for all elements, the charge distributions on all the elements are then 
not the same. However, from the axial-symmetry of the deformation, the vertical distance to 
ground for each element is dependant only on the radial distance to the center of the diaphragm 
only. Thus, the charge density on the diaphragm is only a function of the radial distance p. 
6(p, ~, z) = 6(P) (2.8) 
Since p is a continuous variable, 6(p) is only constant on each of the infinitesimal rings with 
radius p and width d p. When d p of each of the element is sufficiently small, however, the charge 
distribution on each element can be assumed to be constant. 
Method of Image 
Due to the electric field of the electrical charges on the surface of the diaphragm, there are also 
electrical charges on the surface of the ground plane. This charge density differs from that of the 
diaphragm, because of the geometry difference. Thus, if both the electrode and the ground plane 
under the electrode are each divided into N elements, the total number of variables will be 2N. 
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Sensor 
p(s) 
Ground 
Figure 2.7 Sensor electrode 
Because of the presence of electrical ground, the Method of Image can be applied to 
considerably simplify the problem. Applying the Method of Image, the problem becomes 
a(s) 
Figure 2.8 Method of Image transform 
The image charge distribution is the negative of that of the physical electrode at any point 
sunder the electrode. The number of unknowns instantly decreases by fifty percent; now, instead 
of having 2N unknowns, there are only N unknowns. This significantly reduces the computation 
time required to solve the number of unknowns. 
Obtain the centroid 
During the Method of Moment analysis, the surface charge density of each element is 
approximated by a point charge located at the geometric centroid of each element. To implement 
the Method of Moment, a general expression of the geometric centroid for each element has to be 
defined. The angular coordinate of the centroid is (81+82)/2, by symmetry. The radial coordinate 
of the centroid, on the other hand, can be obtained via the integration 
n 
_ 1 ~~ 
/"centroid C
A vvs 
1 p2 e2
p2d 6dp 
A 
Pi ei 
(2.9) 
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Where A is the area of the element: 
(82 
— 
e l)  2 2 
2~z 
Integrating equation 2.9, we obtain 
n __ 2(p2 - pi ) 
~" centroid 2 2 3(p2 - pl ) 
Thus, the centroid of each element is 
P centroid (pcentroid ~ e cnetroid) ( 2 2 ~ ) 3(p2 — pl ) 2 
Where p 1, p2, 81, 82 are as labeled in figure 2.9. 
2-e, 
2 8 1 
Figure 2.9 Application of MoM one-point rule 
(2.10) 
(2.11) 
(2.12) 
Thus far, the problem has been simplified from a continuous distribution of electrical charge on 
an equi-potential surface to a problem consisting of many point charges. The next step is, for each 
point charge, calculate the electric potential induced by all charges that are present, including that 
by itself. The sum of all the potentials should be equal to the assumed known potential set at the 
start of the solution. 
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By definition, the electric potential at any point P due to any electrical charge density is 
VP = — E• dl (2.13) 
Where E is the electric field due to the charge density, and c is any path between the charge 
density and the point P. For this project, the direct path between the two points is chosen as the 
path c. 
Potential due to other point charges 
The electric field due to a point charge q at a distance R away is 
q E= 2 p 
4~z•~o •R 
(2.14) 
The voltage on one point charge due to another point charge some distance R away is given by 
~ ~ P 
q  
n -~ ~, 
Vp =— E•dl = 2 p•dp== 
4~•~0 •R 4~'•~0 •R 
(2.15) 
R is the distance between the two point charges. The distance is in 3 dimensional cylindrical 
coordinates; for any two points Pl (pl, 81, zl) and P2 (p2, 92, z2), the distance between them is given 
by 
R = ~Pi + PZ — 2P1P2 cos(e2 — B,) + (z2 — zl ) z (2.16) 
The first three terms come from the law of cosines, and the last from the z-direction distance 
between the two points. 
Self-induced electric potential 
If Equation 2.15 and 2.16 are used to calculate the electric potential due to the point charge 
itself, since R = 0, the result will be V = oo which is obviously incorrect. The assumption of a point 
charge is no longer valid in this case; the electric potential needs to be computed by an integral. 
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Assume the charge density on a particular element is p(s); for any infinitesimal area ds=pdpd8 
located at (p, B, z) on this element, the electric charge is p(s)'~ pdpd8. 
The distance between this infinitesimal area and the centroid of the element is 
R'  = N 2 + /"centroid 2  ~ /" ~ Ncentroid COs(8 — ecentroid 
Where the expressions of pcentroia~ ecentroid were given previously. 
Thus, calculating the electric potential involves solving the following integral: 
V 
_ _ 2 2  6S  
6id 
p 2 2 _ pi i 4,?L~0 ~ N + Ncentroid 2  ~ ~" ~ "centroid COS(8 — e centroid ) 
(2.17) 
(2.18) 
At first glance this integral looks like the elliptical integral of the first kind [ l o] ; however, due 
to the integration variable in the numerator it is not, thus, standard tabulated values for elliptical 
integral cannot be applied in this case. This integral does not have an analytical solution; 
performing this integral must be achieved using other techniques. 
Expanding the cosine term in equation 2.18 using Taylor Series, 
6S
 ~~ 
_ 
n 
nn _~ 
+/"centroid 2 ~ ~" ~ "centroid (1  ) 2 
Equation 2.19 can then be written as 
V 
_ _ P2 z 
P1 i 
4~z~o . 
6 S
(l~ + ~" centroid ) 2 + ~ ~" ~ ~" centroid 
e2 
2 
pd Bdp 
(2.19) 
(2.20) 
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Equation 2.20 has aclosed-form analytical solution. Employing the charge distributions 
obtained from these equations into the Method of Moment, and the capacitance of the deformed 
plate can be obtained. 
If there were N elements defined, for each element, the algorithm sums up the total charge 
induced by all N elements (including itself). This results in one equation. This process is repeated 
N-1 times to generate N equations. The number of variables is then equal to the number of 
available equations, and solutions for all N variables are obtainable. 
Sources of error 
In this study, the charge distribution on each element was assumed to be a point charge. This 
assumption is valid if the two elements under consideration have sufficient separation between 
them, but for elements at close range, this assumption is no longer valid [ 11 ] . As a result, there 
will be errors in the result. Two-point or three-point integrations may reduce the error, however the 
analysis of charge distribution needs to follow different formulations, and the shape of elements 
may need to be adjusted for more complex formulations. 
When executing the code, matrix singularity errors were reported by the compiler. A possible 
reason is that since the vertical deformation is very small, many variables have similar, almost un-
distinguishable coefficients. When the inversion of matrix is executed, the extremely similar 
coefficients on each row of the matrix were reduced to zero during the matrix reduction process. 
This cause the rank of the matrix to drop; rows of all zero elements means there were not enough 
number of equations to solve the number of unknowns. The execution of code does give an 
answer, but the execution warnings indicate the result may not be correct. 
2.4.2 Inductance calculation for the shunt inductor 
The modeling of the shunt inductors takes a more analytical approach. The inductors were 
made of rectangular traces; analytical expressions for inductance as proposed by Greenhouse is 
widely cited and used by various authors, thus its calculation was used to determine the rectangular 
coil inductance. Square, single turn coils were used, with one side having 1/ 2 the length of the other 
3 sides. 
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The self inductance of each rectangular trace with length 1 and cross sections sides a, b is given 
by [12 p.102] 
L = 0.0021[ln(a +lb) + 0.50049 + C ail b ~~ (2.21) 
In this equation, the unit of L is microhenry, and that of length is centimeters. The mutual 
inductance between parallel coil sides are given by [12 p.103] 
lZ 
[l+(GMDZ
~~ 
l+(GMDZ~ + ~GMD~
} (2.22) 
Where GMD is the geometric mean distance between two sides, and is roughly equal to the 
distance between two centers of the parallel lines. The mutual inductance is in nanohenries and all 
the length in centimeters. For the inductor with 1/2 the length of the other 3 sides, the formula for 
partially complete mutually coupled parallel lines [12 p.103] was adapted to calculate the mutual 
inductance: 
M 1 = Ml,l + 1Vl l 1 — M I 1 = Ml,l
1,21 21,21 21,21 
Where Mx,x refers to mutual inductance of two lines with equal length x. 
2.4.3 Sensor structure resonance calculation 
(2.23) 
With the results of diaphragm capacitance and inductance modeling, the resonant frequency f o
is very easy to obtain: 
.fo = 
1 
L  ~ Cdiaphragm ~ 2?Z 
(2.24) 
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Chapter 3 SENSOR DESIGN AND FABRICATION 
This chapter details the fabrication process flow employed to realize the proposed sensor 
structure. The fabrication process is largely based on industry-standard Complimentary Metal-
Oxide-Silicon (CMOS) processes, the most widely employed semiconductor fabrication process 
flow. It ensures that existing fabrication facilities and equipment in Iowa State University's 
Material Research Center — MRC (or any adequately equipped fabrication foundry) can be adapted 
to the proposed process flow, and the sensor may be batch fabricated, thus capable of 
commercialization. Alternative process technologies for some of the steps may have advantages 
from an engineering standpoint; however, the process method employed in fabricating the sensors 
is, in the author's opinion, the best and most feasible one given the limitations in project budget, 
time constraint and equipment accessibility. 
3.1 Sensor design 
3.1.1 Design parameters 
The design of sensor diaphragm has the following design parameters: 
Table 3.1 Sensor diaDhra~m design Darameters 
Parameter Name Parameter Symbol 
Diaphragm radius pain 
Diaphragm cavity height haia 
Diaphragm thickness tdia 
Diaphragm Material Material_dia 
Similarly, the design of sensor inductance has the following design parameters: 
Table 3.2 Sensor inductor design Darameters 
Parameter Name Parameter Symbol 
Inductor length l~dia 
Inductor width Wdia 
Inductor thickness t L dia 
Inductor material Material ind 
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These design parameters have to be optimized with the constraints given; these design 
constraints will be given as follows. 
3.1.2 Design constraints 
Dimension 
As stated previously in chapter 2, certain performance requirements limit the dimensions of the 
sensor structure. The maximum size of each sensor should be no more than 1 mm2. The minimum 
size, height is determined in conjunction with the resonant frequency range. 
Resonance frequency range 
Another very important consideration when deciding the dimension of the sensor is the 
resonant frequency of the sensor-resonator structure. As mentioned in chapter 2, the detection 
method is to sense the resonant frequency of the resonator, and the capacitance of the sensor may 
be obtained, since the inductance of the inductor is well characterized. It is desired to design the 
sensor-resonator structure to have a fundamental resonant frequency at 5.7 GHz, since there is an 
unlicensed ISM (Industrial, Scientific, and Medical) frequency band that does not require an FCC 
license to use at that frequency. 
Pressure dynamic range and sensitivity 
Also as discussed in Chapter 2, the mechanical deformation of the pressure sensor with respect 
to pressure applied is a function of the material's Flexural Rigidity, a measure of its stiffness and 
elasticity, as well as the physical dimensions of the structure. Common sense tells us that if the 
thickness of the sensor diaphragm is large, the deformation is less than that of a thinner one when 
subjected under the same pressure. Similarly, given two sensor diaphragms with the same 
thickness, if it the diameter of one sensor is larger than that of the other, the larger diaphragm will 
deform more than the smaller one under the same pressure. The dynamic range of the sensors is 
limited by their geometries. Physically, the equation governing the deformation of the sensor has 
its limits; when too much pressure is applied to the diaphragm, it will touch the bottom electrode 
(ground), thus creating an electrical short circuit. Consequently, the capacitance of the sensor 
reaches infinity, and a malfunction has occurred. 
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Fabrication process 
Limitations in the fabrication process also pose constraints to the design. The semiconductor 
fabrication processes used in this research are designed for Very Large Scale Integrated Circuits 
(VLSI IC's) that normally is only a few microns in horizontal dimension and even smaller 
vertically. As it turns out, much effort was devoted to characterizing each step in the fabrication 
process before their successful completion. 
Another fabrication process limitation is that, to vary the thickness of the diaphragm and that of 
the inductor individually require extra steps of processing. To simplify design and minimize 
probabilities of defects, the thickness of the diaphragm conductor and that of the inductor were 
chosen to be the same. 
Biocompatibility 
The objective of this sensor is to achieve remote sensing capability. The sensor was designed 
with biomedical applications in mind, thus all material needs has to be bio compatible. It is not a 
trivial requirement to satisfy, since very few materials used in semiconductor applications are 
biocompatible. Furthermore, not all biocompatible materials possess the mechanical and electrical 
characteristics desired in the sensor structure. 
The following figure illustrates the complex relationships between the design parameters and 
requirements. 
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For experimentation purposes, four different diaphragm diameters were implemented. The 
cavity height is a design parameter, but for the process flow chosen, its variation is very difficult to 
control, for reasons that will be detailed in latter sections of this chapter. As a result, the cavity 
height was fixed at 2µm; only diaphragm diameter and thickness were used as design parameters. 
Table 3.3 Fabricated device dimensions and material information 
p_~;a (µm) t_~;a (µm) h_~;a (µm) Material 
150 1.8 2 Ti 
170 1.8 2 Ti 
200 1.8 2 Ti 
250 1.8 2 Ti 
3.2 Sensor fabrication 
The fabrication process is best illustrated using figures 3.2 through 3.10. 
Side view 
I 1 Si 
Figure 3.2 Bare Silicon wafer 
Top View 
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Figure 3.3 Phosphorus diffusion 
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Figure 3.4 Thermal Si~2 growth 
Side view 
Top View 
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Figure 3.5 Wet etch Si02
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Figure 3.6 Sacrificial layer deposition 
Side view 
Top View 
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Figure 3.7 Metal overall deposition 
Figure 3.8 Metal etch 
Top View 
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Figure 3.9 Surface micromachining (lateral etching) 
Figure 3.10 Etching channel seal and final device 
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A four-mask-layer, all-CMOS process is used to fabricate the sensors; ,the detailed processing ~, 
procedures are presented in the following sections. 
Substrate diffusion 
The first process step is doping the silicon wafer substrate using thermal diffusion technique. 
We started off with a low conductivity n-type wafer doped with Phosphorus. A low conductivity 
substrate is a poor electrical ground because the Ohmic loss is very high. By introducing more 
dopant into the substrate, it is possible to make a highly conductive, low-loss electrical ground. 
The type of dopant (p or n) should be consistent with the type of silicon wafers used; if the 
dopant introduced is different from the original dopant, the resulted intrinsic region will act as a 
capacitor, causing an error in the read-out value of the sensor. Since Phosphorus doped wafers 
were used for fabrication, more Phosphorus dopant was introduced via thermal diffusion. 
Typically, thermal diffusion involves two steps; in step one, the infinite source diffusion, which 
introduces large amounts of dopant into the surface region of the silicon substrate. Then a so-
called "drive" step is performed; under the "drive" step, the dopant source is removed, and the 
dopant near the substrate surface is diffused into the deeper region of the substrate. 
Dopant concentration via thermal diffusion is a well characterized semiconductor fabrication 
parameter. The dopant concentration profile from an infinite source diffusion is described by the 
following integral [13 p.383]: 
x 
2 Dt 2 
C(x, t) = C f exp( ~x -  a~ )da 
0 4Dt 
(3.1) 
Where C(x, t) is the concentration profile with respect to time and depth, Dt is the diffusivity 
and a is the dummy integration variable representing the physical depth of the doped region. This 
integral is not easy to calculate; however, it is in the form of an Error Function [13 p.383]: 
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C(x, t) = 2 
1—erf(2 Dt~ 
(3s2) 
The thermal diffusion process at MRC is well characterized by the means of a chart 
documenting the sheet resistance with respect to diffusion temperature and time. Utilizing this 
information, a 25-minute Phosphorus diffusion is performed at 925°C and resulted in a sheet 
resistance of about 135~/a. 
Since the very next step is high temperature processing, the final diffusion profile is going to 
be different. Typically, during subsequent thermal processes, the Error Function Profile is going to 
change into a Gaussian profile [ 13 p.3 80-3 84] . However, due to the thick Silicon Oxide growth in 
the next step, the diffused dopant molecules near the surface of the substrate will be "pushed" 
deeper since what was intrinsic Silicon is now Silicon Oxide. The dopant will be driven in to the 
substrate as a Gaussian profile, but there will be a concentrated layer of Phosphorus molecules at 
the surface of the substrate. It is difficult to characterize the concentration and consequently the 
sheet resistance of the surface layer, but this information is not crucial, as long as the substrate 
surface is still a highly conductive ground. 
Silicon Oxide (SiO2) growth on Silicon wafer 
The first step of the fabrication process flow is to grow a thick layer of Si02 on a Silicon (Si) 
wafer. The primary use of this thick Si02 layer is electrically insulating the diaphragm electrode 
from electrical ground. Otherwise, the diaphragm will not be able to store any charge, and the 
capacitance will be zero. Furthermore, the metal inductor also needs to be insulated from electrical 
ground for reasons similar to that of the capacitive diaphragm. 
If the purpose of the Si02 layer is only electrical insulation, then, is a thick layer of Si02 really 
necessary? After all, a thin layer of dielectric is sufficient for insulation, and a thick layer of Si02
takes a long time to fabricate. A thick dielectric is implemented for two reasons. First, at 
microwave frequencies, close-to-ideal electrical devices no longer exist. Parasitic electric 
parameters inherent in the physical structure will play a significant role in the electrical response of 
the devices. The proposed inductor structure is no exception. The metal trace is at none-zero 
electric potential; the difference in electric potential creates capacitance. So the inductor structure 
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is really an inductor/shunt capacitor resonance structure. It is necessary to minimize the parasitic 
capacitance of the structure. 
The second important reason is that as the current flows through the inductor, Faraday's law 
exerts that there is a magnetic field generated by the current with the field vector obeying the Right 
Hand Rule. If there is no thick dielectric layer underneath the inductor, the magnetic field is going 
to interact with the ground plane. This generates a surface current at the ground plane. If the 
ground plane is a perfect conductor, there will be no energy loss; however, there is no perfect 
ground plane in real life. The ground plane will have some electrical resistance; the resistance will 
cause an Ohmic (I-R) loss, and electromagnetic energy is converted to thermal energy (heat). Due 
to the electromagnetic energy loss, the inductor's Quality Factor, a measure of energy loss in a 
resonant structure, will decrease. Very low quality factor is a serious defect in a resonance 
structure; if the Quality Factor is too low {loss is too great), the resonator will not resonate any 
more. The first step of fabrication, high concentration doping of the wafer, ensures the ground 
plane will be highly conductive; however, the high conductivity layer has a finite depth, defined by 
the amount of dopant that is present in the substrate (a function of diffusion temperature and 
elapsed time length), as well as the temperature and length of the dopant drive process. To 
minimize the substrate I-R loss of the inductor to the best of our ability, a thick layer of dielectric 
material should be used. 
A layer of SiO2 with a nominal thickness of about 1.88 µm was achieved with thermal 
oxidation at 1150°C. The processing time is 5.5 hours. 
Cavity etching 
After the thick oxide layer is grown, it is necessary to create the cavity into the oxide layer. 
The cavity is necessary so that the top diaphragm will be able to deform. The cavity is created by 
selectively etching the SiO2 layer, creating a recess. The selectivity is achieved using Photoresist 
(PR) as masks during the etching process. Several choices are available for etching SiO2; 
Hydrofluoric Acid (HF) [13 p.613] is one of them, another one being Plasma Etching with Fluoric 
Radicals from chemicals such as SiF4 [ 13 p.619] . A third choice may be Reactive Ionic Etching 
(RIE) [ 13 p.626] . The criteria for choosing the most appropriate process include etch selectivity, 
speed, and equipment availability. The unusually thick oxide layer makes this process step a very 
difficult task. Plasma etching can achieve excellent selectivity if the right mix of etchant and 
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inhibitor gas is used [13 p.625], but this equipment is not available in MRC. Both Hydrofluoric 
Acid etch and RIE are available at MRC; choosing the appropriate process depends on the 
selectivity and speed of these two etching processes. 
Hydrofluoric Acid etch is an isotropic etch. wherever the HF solution meets SiO2, etching will 
take place. This will result in undercutting. The photoresist is used to provide etching selectivity. 
However, once the etch starts, HF will start etching side ways as well as downwards into the 
opening of the PR layer. Similarly, RIE is an isotropic etching process as well, since wherever the 
gaseous etchant can reach, etching will take place. Etching SiO2 is a very slow process. It is so 
slow compared to the etch rate of other materials (such as intrinsic Silicon) that it is often 
employed as a mask material for etching other materials. Also, photoresist is also etched in RIE; 
this is a serious drawback, since it disrupts the mask patterns and resulting poor feature definitions. 
After considering the two options, Hydrofluoric Acid etch was chosen to create the cavity recesses. 
The etch rate of SiO2 is between 30 and 40 nm/min. This sort of approximate measure is 
adequate for typical CMOS gate etch where the thickness of the gate is less than 100 nm, but it 
makes a huge difference in etch time when trying to etch 2000 nm of SiO2. To accurately control 
the timing of the etching process, one SiO2 wafer is used as a gauge of etching progress. This 
wafer has no patterns on it; its sole purpose is to serve as a visual indicator of whether the etching 
is complete. when the etching is complete, the surface of the wafer will change from hydrophilic 
to hydrophobic. 
Figure 3.11 The edge definition of the oxide well 
31 
Sacrificial layer lithography 
The next step in the process is creating the sacrificial layer. A sacrificial layer, as the name 
suggests, is a layer that is created for the purpose of supporting or contouring other layers) above 
it, and then later destroyed. In this case, the layer is used to support the diaphragm, and then 
removed to empty the cavity that was etched into the SiO2 layer. The photoresist was chosen to be 
used for the sacrificial layer. It is an unusual choice of sacrificial layer, compared to other similar 
sensor diaphragms fabricated by other researchers; when used as sacrificial layer material, 
photoresist has several drawbacks. First, although different sensor diaphragm heights can be 
achieved with different types of photoresist, the thickness of the photoresist is hard to control and 
measure. Besides chemical dissolution, there were few other choices to remove them, and there is 
risk of Stiction, a surface force phenomenon that makes the membrane stick to the bottom electrode 
after wet etching process. photoresist also will not withstand any moderate to high temperature 
processing beyond ~ 150°C; even for temperatures around 100°C, prolonged heat treatment will 
severely harden the photoresist so that removing it through a lateral etching process is almost 
impossible. However, despite its drawbacks, photoresist offers several advantages that outweigh 
its drawbacks for this project. The removal of photoresist is a simple process, since it dissolves in 
Acetone. Stiction is a possible problem, but a new fabrication procedure will be tested to try to 
circumvent it. Also, photoresist is readily accessible. Metal lift-off processes involving 
photoresist, a similar fabrication process, has been performed frequently with much success in the 
MRC, so one may infer similar success could be achieved when using photoresist as the sacrificial 
layer material. 
The height of the cavity is an important design parameter. The cavity height dictates when the 
deformation is severe enough to cause the diaphragm to touch the ground. Consequently, given a 
specific design of diaphragm (radius, thickness, material), the height of diaphragm determines the 
maximum allowable pressure range before the sensor short-circuits. One of the serious drawback of 
photoresist, however, is that its thickness cannot be controlled as accurately as many other 
processes. For spin-on photoresists, the thickness of the final photoresist layer is a function of the 
spin speed, the viscosity of the photoresist, and its drying rate. The thickness is typically 
characterized experimentally by manufacturers and measured using optical measurement 
techniques, which measures the reflected light from the sample surface. However, the refractive 
index of the photoresist, AZ5214E, is not listed in the datasheet; therefore, it is impossible to use 
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this means to determine the thickness of the photoresist optically. Fortunately, when AZ5214E 
photoresist was characterized, thickness measurements were performed for certain spin speeds, and 
the information was included in the datasheet. A thickness of 1.99um was achieved with AZ5214E 
photoresist under the following processing conditions: 
Table 3.4 AZ5214E photoresist thickness vs. spin speed and duration [14] 
Spinner Speed (RPM) Spin Duration (seconds) Photoresist Thicl~ess (µm) 
2000 45 1.99 
3000 45 1.67 
4000 45 1.41 
Not only is the thickness of photoresist of vital importance, the surface topography of it is also 
very important. Specifically, the topography of the edge of the photoresist pattern needs to be 
tapered. Typically a tapered photoresist pattern is a manufacturing defect, but it is necessary to 
deliberately introduce tapers into this fabrication process. The Ti layer will be deposited using an 
Electron-Beam Evaporation process; the evaporated Ti metal will uniformly distribute over the 
surface of the wafer. As the following illustration shows, the actual thickness of any deposits over 
the tapered edge is related to flat surface deposit thickness as 
t taper = t flat ~ cos(8) (3.3) 
1 
t flat 
r 
t flat 
8 etch 
t_taper 
Figure 3.12 Thickness as a function of the wall profile 
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It is intuitive that if the angle 8 is too large, the edge of the diaphragm will be fragile and prone 
to breakage. Since the desired diaphragm thickness was previously determined in chapter 3, the 
edge metal thickness is then largely dependent on the edge taper angle. In traditional CMOS 
processing, having a tapered edge is an undesired manufacturing defect, since it introduces error in 
the device pattern and limits the miniaturization of the device. As the processing materials, and 
technology advances, the edge taper angle has been kept to a minimum of 75 degrees, with 
submicron photoresists achieving taper angles of close to 90 degrees. A large taper angle, 
however, is undesired when fabricating the sensor. Thus, several experiments were performed to 
determine what variations should be implemented to achieve a small taper angle. There are many 
controlled variables in the lithographic process; 7 processing parameters have a direct effect on the 
feature: the pre-bake temperature, pre-bake time, mask to wafer separation when in contact, 
exposure time, light wavelength, light energy, and develop time. Out of the 7 degrees of freedom, 
light wavelength, light energy and pre-bake temperature have strong influences in other aspects of 
the process as well, and it was determined to keep them to the default settings of the NSF lab. 
The pre-bake temperature, wafer to mask distance when in contact, exposure time and develop 
time was varied one at a time in several experiment runs. The results were inspected under the 
optical microscope in the NSF lab. No accurate measurement instrument is available in this case, 
so visual inspection is employed to determine the best processing conditions. When the taper angle 
is large, the photoresist edges are very defined and sharp. Otherwise, the taper angle is blurred, and 
there are visible ridges similar to that of the SiO2 etch result, since the photoresist is quite thick in 
our case. From the experiments, it is observed that the mask to wafer separation distance has the 
most influence on the feature definitions. This is largely due to the diffraction of ultraviolet light 
and its scattering. It is found that when the wafer to mask separation distance is 100-150 um more 
than the minimum distance, the resulted pattern will have tapered angles on the order of 45-50 
degrees. This result is computed with the known photoresist thickness as well as measurement of 
the horizontal tapering of the edge using a microscope cross-hair. 
Metal deposition 
After photolithography, the top electrode metal layer was deposited onto the entire wafer. The 
technology used to deposit metal is Electron Beam Evaporation. In a vacuum environment, an 
electron beam is steered into a metal source (crucible) to evaporate the metal. The evaporated metal 
then deposits evenly onto the target wafers. Although the target temperature is very high, the target 
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wafer temperature is only a few degrees higher than room temperature, due to vacuum's poor heat 
conduction. This is a very crucial property of E-Beam Evaporation, since any temperature higher 
than 120°C will cause thermal crosslink in the photoresist, causing it to be come impossible to be 
removed. At even higher temperatures, the photoresist, being a type of organic polymer, will burn, 
leaving a carbon residue at the surface. This point is insisted here because target temperature later 
became one of the reasons for several unsuccessful metal deposition runs. 
As far as the type of metal being used, the first metal of choice was Titanium (Ti), because of 
its excellent mechanical and electrical properties, as well as its biocompatibility. Thus, Titanium 
deposition via E-Beam Evaporation was attempted. However, for two deposition runs, the results 
are very undesirable. The deposited material almost flaked off the wafer, and what's left on the 
wafer was full of micro-cracks that rendered the diaphragm useless. Though the exact failure 
mechanism could not be pinpointed, there were two favorite suspected causes. The first one is the 
metal source crucible was exhausted, so the electron beam was evaporating what was left of the Ti 
and the Carbon crucible holder. Under the high temperature near the source, chemical reactions 
between Titanium and Carbon may have occurred, forming Titanium carbide or some other 
compounds. It is possible that this unknown material was deposited on the wafer. The second 
cause may be the target temperature was too high, causing thermal stress in the photoresist and 
deposited metal. When the wafer is cooled to room temperature, the metal (or photoresist) will 
crack. It is a suspected failure cause, since inspection of wafers after deposition revealed 
noticeably higher wafer temperatures. After two unsuccessful depositions, for the fear of ruining 
the already completed fabrication steps, Titanium deposition was abandoned in favor of using a 
more common and easier to control metal. It is not going to have as desirable properties; however, 
for proof of concept, it will suffice. 
After researching the commonly used metals in conventional CMOS process, Aluminum was 
identified as a suitable replacement of Titanium. Aluminum has good conductivity, and it is not 
prone to internal stress breakage. Also, the deposition of aluminum occurs in a much lower 
temperature, so problems experienced previously will not reoccur. 
The Aluminum deposition completed successfully. In all, a layer of Aluminum with the 
thickness of 1.8 um was deposited onto the wafers. There was no crack due to stress or signs of 
overheating. 
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The metal was then patterned with photolithography and etched to create the diaphragm and 
ground contact electrode patterns. Aluminum etching was done with the standard PAN etch recipe: 
Phosphoric Acid, Acetic Acid, Nitric Acid, and De-Ionized water. The etch rate is approximately 2 
nm/sec; however, like many other processes parameters encountered, the exact etch rate of this 
recipe is unknown. Thus, the etch process has to be monitored by visual inspection. This became a 
major issue, since one of the wafers was over-etched. As a result, many inductors were etched 
away or broken. The over-etching is also caused by inadequate post-lithography bake time; 
typically, apost-bake is performed for 20 minutes to evaporate any remaining solvents in the 
photoresist layer, so the structure is hardened to withstand longer etching time. However, long post 
bake will also harden the sacrificial photoresist, making it impossible to remove them. To balance 
the trade off, a shorter post-bake is performed; however, it was not long enough to withstand the 
etching. 
Another problem surfaced after the etching; however, it is not a defect of the implemented 
fabrication process flow. After the unsuccessful Titanium deposition, there were some carbon 
residues on the wafer surface. These residues created surface non-uniformities and, when they 
intersect with inductor patterns, caused them to break. 
Surface-micromachining of the sacrificial layers 
After etching the diaphragm patterns, surface micromachining was performed to etch away the 
sacrificial layers. Since the sacrificial material is photoresist, the easiest way to etch it is using 
Acetone to dissolve them. An acetone solution was used to dissolve the photoresist in this case; the 
solution was kept at an ambient temperature of 50°C, since the dissolution rate increases at higher 
temperatures. There are 4 etch channels patterned into the Si02 layer for each device. Through 
these etch channels, Acetone was able to make contact with the photoresist and dissolve it. An 
excellent discussion on the etch rate of a circular diaphragm structure was found, which offers the 
analytical solution for the etch progress [15]; however, due to the subtle physical topography 
change between the etched and un-etched portion of the diaphragm, it is easy to identify the etch 
progress. The behavior predicted by [15] was observed during etching with somewhat good 
agreement: 
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Predicted progress [15] Actual progress 
Figure 3.13 Comparison, predicted vs. actual etch progress 
Stiction is a well known problem in wet etching. The sacrificial material may be completely 
etched, but the liquid may cause the diaphragm to stick to the bottom electrode. Typical wet 
etching concludes with a de-ionized (DI) water soak; however, the evaporation rate and surface 
trapping properties of DI water made the device more prone to stiction. Instead of DI water soak, it 
was decided that following the Acetone and Ethanol bath to remove photoresist and any Acetone 
residues, only a quick DI water rinse was performed. The wafer then was blown dry with Nitrogen 
gas, and a short, mid-temperature post bake was performed to help evaporate any ethanol or water 
that is trapped in the sensor cavity. 
Etch channel seal 
The final processing step is to seal the etch channels. Although it is a relatively simple step, 
there are several considerations to be taken into account. First, the process has to take place at 
atmospheric pressure. If a low pressure process is used, when the device is released, it will be 
crushed by the pressure of the atmosphere. The most natural choice is spin-on photoresist as 
sealant. A thick layer of photoresist was spun onto the wafer, and lithography process removed all 
the excessive photoresist except areas on and around the etch channel. In total, two Silicon wafers 
survived the entire fabrication processes. The followings are die photos of the completed devices: 
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Figure 3.14 Die photos of probe sensors (1, 2, 3), RF sensors (4), and reference inductors 
(5, 6) 
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Chapter 4 SENSOR TESTING 
In this chapter, procedures used to test the sensors will be presented, and results will be 
discussed. At the time of composition, only the probe devices were tested, since the wireless 
devices require special test fixture/harness, and there was inadequate time to get it ready for testing. 
Two tests were performed: First, a probe test was performed to test if the devices are functioning 
properly as resonators, and if the functionality is confirmed, the second test will focus on whether 
the resonant frequency of the resonator changes with respect to simulated pressure environment. 
4.1 Test setup 
The test setup consists of a 300 KHz - 6 GHz HP 8753C Network Analyzer and a Cascade 
ACP40 100µm pitch, ground-signal-ground probe. Support equipment such as probe station arm, 
optical microscope, and microscope light was also used. 
We were only able to simulate the change of pressure with a can of compressed air. A full 
pressure varying measurement would be possible under the following circumstances: 
1) A large pressure chamber capable of accommodating all test equipment and one person is 
available for use 
2) A smaller pressurized chamber capable of fully enclosing the probe arm and device under 
test are available for use 
3) Use hot plate to heat up the pressure sensor and monitor the change of capacitance 
4) Use a compressed air device to simulate change of pressure. 
The first two test cases are the mostly preferred; however, time and resource constraints did not 
permit the realization of the pressure chamber setup. A hot plate is available, but it is feared that 
heat and a lack of stable surface will damage the probes, which is a very expensive loss. Thus, the 
last option for testing the sensors was incorporated. 
4.2 Test results 
Several sensor structures of different sizes were measured to see if any sensors showed signs of 
resonance. Two sensors were identified that appears to be working correctly, with the possibility 
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of a 3rd one working correctly. Not every sensor was tested for functionality; however, out of about 
20 devices tested, the majority of the devices we sampled did not function correctly. 
Malfunctioning Devices 
The majority of the devices did do not work as predicted. When measured using the network 
analyzer, some devices showed no response (high impedance over all frequency), which indicated 
the trace that connects the resonator to the probe pad may have been etched. Other devices showed 
high impedance at lower frequency and low impedance at higher frequency, as seen in the 
following ~ gure. 
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Figure 4.1 Input Impedance of a malfunctioning device 
Note this device was tested with a different network analyzer with higher frequency 
capabilities. The exact reasons for failure are unknown; however, as mentioned at the end of 
chapter 3, the impurities on the wafers' surface causes inductors to have breaks and disconnect 
points on them. If it is the case, then instead of a shunt L-C resonator to ground, it becomes a 
series L-C resonator to ground, where the series inductance is the short length of trace connecting 
the diaphragm to the signal probe pad, and the capacitor is the diaphragm. The measurement 
results look like a series resonator as well, which also supports this theory. 
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Functional Devices 
Two devices were found to be working during the test; scattering parameter date from the three 
functional devices were extracted and displayed in ADS, as shown in figures 4.2 and 4.3: 
m1 ~ °l~ - 
freq=;:~.4~OGHz U~~ ~~,y, - 
-~~~ - -~ a 
m 1= r~ 114 i~~:179.528 y 
imp,~dance c~ * (0;,~96~~0.002) ~, ,f ,. 
freq (500.OMHz to 6.000GHz) 
Figure 4.2 Resonance of Functional Sensor #1, p_dia=150 um 
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Figure 4.3 Resonance of Functional Sensor #2, p_dia=150 um 
The properties of a resonance structure can be clearly seen in the results. At low frequency, the 
input impedance is low and inductive. As the frequency increases, the impedance is being pulled 
higher by the inductance, but the reactance is decreasing somewhat because the effect of 
capacitance is increasingly large. At resonance, the inductive and capacitive reactances cancel 
each other, and a real input impedance is seen. As the frequency continues to increase, the 
capacitive reactance dominates, and the impedance is being pulled lower. 
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Q-factor calculation 
The Quality Factor (Q) of the resonator structure indicates the rate of energy loss in this 
resonator. The response of the physical resonator was modeled was modeled with circuit 
components as follows: 
~ erm 
Term1 TLIN 
Num=1 TL1 
Z=50 Ohm Z=50.0 Ohm 
E=0 
F=3 GHz 
erm ~C 
Term2 C2 
Num=2 `r' C=0.6 pF 
Z=50 Ohm 
Ref 
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SNP1 
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L1 
L=0.85 nH 
R= 
Figure 4.4 Resonator modeling 
~C C1 
C=1.5 pF 
R 
R1 
R=35 Ohm 
The top circuit is the actual response of the resonator, and the bottom circuit is the model 
representing the resonator. Each of the circuit components has physical meanings; C2 is the 
capacitance of the probe pad's probe pin; R2 represents the resistance of currents' return path, 
which is the substrate resistance. Ll and C1 are the physical inductance and capacitance, 
respectively; Rl represents the dielectric loss and possibly the resistance of the inductor trace. 
From simulation, it can be seen the model shows excellent agreement with the actual response of 
the resonator. 
freq (3.000MHz to 6.000GHz) 
Figure 4.5 Return loss data, S11 is the resonator, S22 is the model 
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Figure 4.6 Input admittance phase, Yinl is resonator, Yin2 is the model 
There are two resonant structures in the model; the first one, composed of C2, L2 and R1, 
represents the network to connect to the resonator; the second one, composed of Ll, C1 and R1, is 
the actual resonator. 
by 
The resonant frequency of the resonator is given by 
1 
resonator —
Ll ' ci 
(4.1) 
The resonant frequency is 4.45 GHz. Because the resonator is a shunt resonator, its Q is given 
_  resonator C1 
resonator — 
R1
This calculation shows that the Q of the resonator is 1.47. 
(4.2) 
This quality factor is very low. The low quality factor is due largely to two factors: The 
inductor's parasitic resistance is too large, and the substrate's conductivity is too low. The first 
problem may be solved by designing the inductors to make them wide, thus decreasing the 
resistance; the second problem maybe solved by using high-conductivity wafers as substrate. 
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The functional resonators show very strong correlation. They are all minimum sized devices, 
and they are all located closely together in the center of the wafer. The small size and, 
consequently the shortest inductor length, may have minimized the resistance in the trace and the 
probability of breakage. Being in the center of the wafer also exposes them to less processing 
variations. These information are important for improving the design and fabrication process to 
improve the yield and performance of the sensors. 
Pressure Sensing Test 
A pressure sensing test was conducted on the 3 functional devices. During the device probing 
process, a flow of compressed air was blown onto the surface of the wafer to try to simulate a 
constant pressure. Observation and measurement of phase angle change was attempted, since 
phase angle is the most sensitive indicator of resonance. 
When compressed air was blown onto the surface of the wafer, a change of phase angle was 
observed. This measurement was repeated three times, and the results from each attempt are 
consistent. Further more, when the airflow was removed, the phase angle of resonance settles back 
to its initial values. This indicates the deformation, if it occurred, is elastic, not permanent. The 
transition was captured on video, and the following are a frame of the video highlighting the 
transitions. From the first photo, it can be seen the phase change is about 5 degrees for that 
particular pressure applied. 
Figure 4.4 Phase response to air 
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Figure 4.5 Phase settling back to initial value 
Because there was no way to either measure the pressure change or to accurately control it, 
quantitative relationships between pressure variation and resonant frequency change could not be 
established. Such information could be obtained within a controlled environment; however, it was 
not available at the time of testing. Nonetheless, the detected resonance at normal conditions 
suggests the 3 resonator structures do resonate, and circumstantial evidence from the pressure 
sensing tests seems to suggest the resonant frequency of each sensor under test show a dependency 
on ambient pressure. 
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Chapter 5 FUTURE WORK AND CONCLUSION 
5.1 Future Work 
Based on the results and knowledge gained in the process of this project, several changes in the 
design, modeling and fabrication process should be implemented to improve the performance and 
yield of the devices. 
Material selection 
One of the proposed materials used for the device, the etching channel seal, is not bio-
compatible. Further investigation is necessary to identify a biocompatible material as sealant, and 
appropriate fabrication techniques should be implemented. 
Design for fabrication tolerance 
Future designs should be more rugged and can withstand fabrication tolerances better. Much 
more attention was paid to the design of the diaphragm than to the on die inductor and the probe 
pad. As a result, the diaphragms seem to withstand the processing conditions well, but the inductor 
and probe pads (particularly inductors) have high failure rates due to etching selectivity problems. 
These fabrication defects should be considered and compensated for in the device and mask design 
stages of the project. 
Modeling 
If resources are available, a finite element, 3-D electromagnetic simulator should be used to 
simulate the response of the sensor structure. In the Method of Moment analysis, the encountered 
matrix singularity problem is probably due to the devices' relatively small changes in vertical 
deformation. A full 3-D electromagnetic simulator will not only simulate both the diaphragm 
structure and the inductor with great accuracy, it will also simulate and coupling, radiation or other 
effects not considered in the current analysis. Simulators capable of performing both mechanical 
and electromagnetic simulations, such as ANSYS Multiphysics®, are probably even better suited 
for the task, since they probably offer more accurate solutions for both the diaphragm deformation 
and the electrical response. 
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Fabrication 
More characterizations of the fabrication run can be done to improve the yield. The most 
important issue is to improve the metal etching selectivity given the constraints listed at the end of 
Chapter 3. It is perhaps possible to use a metal lift-off process instead of etching; in that case the 
mask design should be modified accordingly. Other changes include better controls of the 
sacrificial layer's edge taper angle; photoresists other than the MRC-standard AZ5214E could be 
used to create sacrificial layers of different thickness, so the design can have more flexibility. 
5.2 Conclusion 
The objective of this project was to design, fabricate, and test a MEMS (Micro-
ElectroMechanical System) based, passive pressure sensor as a proof of concept targeted at 
biomedical applications. To achieve this objective, different sensing mechanisms and sensor 
structures were researched, basic mathematical modeling of the sensor structure was performed, 
and the proposed structure was fabricated. 
This objective of this research work was partially met. A sensing method and structure that is 
suitable for the intended application was identified. Basic electromagnetic modeling of the sensor 
structure was performed; computer simulation of the deformed diaphragm model returned 
warnings, possibly due to matrix singularity. The device was fabricated in a CMOS process, with 
low yield. Basic preliminary testing was performed; afull-scale, accurate pressure test was not 
performed. From testing results, it shows that the resonator structure does resonate, and 
circumstantial evidence suggests the resonator also responds to pressure. 
48 
REFERENCE 
[ 1 ] J. S . Yang, "An Introduction to Piezoelectricity", 1 St Edn. Springer 2004 
[2] C. S. Smith, "Piezoresistance Effect in Germanium and Silicon," Phys. Rev., Vol. 94, no. 1, pp. 
42-49, 1954 
[3] T. Eggers, C. Marschner, U. Marschner, B. Clasbrummel, R. Laur, J. Binder, "Advanced 
Hybrid Integrated Low-Power Telemetric Pressure Monitoring System for Biomedical 
Applications", The Thirteenth Annual International conference on Micro Electro Mechanical 
Systems, pp. 329-334 Jan. 2000 
[4] H. Guckel, D.W. Burns, "Fabrication Techniques for Integrated Sensor Microstructures", IEEE 
International Electron Devices Meeting, Vol. 32 pp. 176-179, 1986 
[5] H. Dudaicevs, Y.Manoli, W. Mokwa, M. Schmidt, E. Spiegel, "A Fully Integrated Surface 
Micromachined Pressure Sensor With Low Temperature Dependence", The 8th International 
Conference on Solid-State Sensors and Actuators, and Euro sensors IX, June 1995 
[6] T.R. Filanc-Bowen, G. H. Kim, Y.M. Shkel, "Novel Sensor Technology for Shear and Normal 
Strain Detection with Generalized Electrostriction", Proceedings of IEEE Sensors, Vol. 2, pp. 
1648-1653, 2002 
[7] C.F. Campbell, R.J. Weber, "Calculation of Radiated Electromagnetic Power from Bulk 
Acoustic Wave Resonators", IEEE International Frequency Control Symposium, pp. 472-475 
1993 
[8] A.C. Ugural, "Stresses in Plates and Shells", McGraw-Hill 1981 
[9] N.N. Rao, "Elements of Engineering Electromagnetics", 4th Edn., Prentice Hall pp. 247-252 
1994 
[10] R. Garg, P. Bhartia, I. Bahl, A. Ittipiboon, "Microstrip Antenna Design Handbook", Artech 
House 2000 
[ 11 ] E.H. Lenzing, J.C. Rautio, "A Model for Discretization Error in Electromagnetic Analysis of 
Capacitors", IEEE Transactions on Microwave Theory and Techniques, Vol. 46, No. 2, 
February 1998 
[ 12] H.M. Greenhouse, "Design of Planar Rectangular Microelectronic Inductors", IEEE 
Transactions on Parts, Hybrids, and Packaging, Vol. PHP-10, No.2, June 1974 
[13] J.D. Plummer, M.D. Deal, P.B. Griffin, "Silicon VSLI Technology —Fundamentals, Practice 
and Modeling", Prentice Hall 2000 
[ 14] Product Data Sheet, AZ5214E Image Reversal Photoresist, 
49 
http://groups.mrl.uiuc.edu/dvh/pdf/AZ5214E.pdf 
[15] W.P. Eaton, J.H. Smith, "Release-Etch Modeling for Complex Surface Micromachined 
Structures", Micromachined Devices and Components, Proceedings of the SPIE, 1996, pp. 10-11 
